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Background: Breakup reactions are an efficient tool for studying the structure of weakly-bound neutron-rich and
proton-rich exotic nuclei. The virtual photon theory (VPT), which is based on first-order Coulomb dissociation
restricted to the electric dipole (E1), has been successfully used to explain the breakup data for several cases.
Purpose: Our aim is to study the role of various higher-order processes that are ignored in the VPT, such as the
nuclear breakup, interference between nuclear and Coulomb amplitudes, and multistep breakup processes mainly
due to strong continuum-continuum couplings in the breakup of two-body projectiles on a heavy target at both
intermediate and higher incident energies.
Method: We employed quantum mechanical three-body continuum-discretized coupled-channels (CDCC) reac-
tion model, which treats Coulomb and nuclear breakups, as well as their interference terms consistently on equal
footing. For the purpose of numerical calculations, the eikonal version of CDCC was adopted.
Results: Our results for the breakup of 11Be, 31Ne, 8B, and 17F on 208Pb target at 100, 250, and 520 MeV/A, show
the importance of nuclear breakup contribution, and its significant role in the multistep processes. Quantitatively,
the multistep effects due to the nuclear breakup depend on the incident energy through the energy dependence of
the core-target and nucleon-target nuclear potentials. The multistep effect on Coulomb breakup for core-neutron
projectiles was found to be negligible, whereas it was important for core-proton projectiles. Coulomb-nuclear
interference (CNI) effect was also found to be non-negligible.
Conclusions: The nuclear breakup component, the CNI effect, and the multistep breakup processes are all found
to be non-negligible; hence, the assumptions adopted in the VPT for the accurate description of breakup cross
sections are not valid.
I. INTRODUCTION
Nuclear reactions are the main source of our present
day understanding of atomic nuclei. The reactions with
the unstable nuclei, lying away from the strip of stability
on the eastern (neutron-rich) and western (proton-rich)
sides of the nuclear chart, have opened up a new epitome
in nuclear physics. This is due to the tremendous ad-
vancements in the radioactive ion beam facilities around
the world [1]. At these facilities, high intensity beams
of many unstable nuclei, which have very short half-lives
and small one- or two-nucleon separation energies of or-
der 1 - 2 MeV, are produced and dedicated for nuclear
reactions.
Theoretically, this further stimulates the opportunity
to improve on the existing understandings of both nu-
clear structure and reactions with these unstable nuclei,
particularly in the proximity of driplines (limit of neu-
tron or proton binding). These dripline systems flaunt
the striking exotic phenomena, such as the formation of
halo [2, 3], evolution of the new magic numbers [4], and a
narrow momentum distribution [5]. These weakly-bound
nuclei that exhibit strong cluster-like structures can be
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described as a fragile system of a core plus one or two nu-
cleons. Such type of unusual structures have earlier been
observed in lighter nuclei, such as in He [3], Li [2], Be [6–
8], B [9–12], and C [11, 13] isotopes as well as in relatively
heavier nuclei, such as in Ne [14], Na [15], and Mg [16]
isotopes. From the astrophysical perspective, these sys-
tems are of paramount importance and their properties
serve as important inputs to the theoretical calculations
on stellar burning, which otherwise are often forced to
rely on global assumptions about nuclear properties ex-
tracted from stable nuclei [17–19].
In most cases, these exotic nuclei have only one or
two weakly-bound states, which make the couplings to
the continuum significant. Thus, conventional nuclear
structure methods established for stable nuclei cannot
be directly extended to these unstable nuclei. Since these
weakly-bound systems can be easily broken up in the nu-
clear and Coulomb fields of the heavy target, breakup re-
actions could serve as an effective tool to investigate the
structure of these nuclei [20–22]. The virtual photon the-
ory (VPT), a model that assumes the first-order Coulomb
dissociation with including only the electric dipole (E1)
contribution, has been successful in explaining breakup
observables for many cases [23–25]. Although the dissoci-
ation of the weakly-bound or a halo projectile is notably
governed by the Coulomb interaction, the nuclear inter-
action with the target cannot be ignored in some cases
[26]. The importance of the Coulomb-nuclear interfer-
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2ence (CNI) effect and the consequences of the elimina-
tion of projectile-target nuclear interaction in the VPT
were discussed in Refs. [27–33]. Also. there are a cou-
ple of comparative studies, which have been performed
for the breakup of core-neutron (C-n) versus core-proton
(C-p) projectiles on different targets and different beam
energies [34–38]. It is worthy to note that most of
these studies in literature, discussed the importance of
the higher-order effects at lower incident energies i.e.,
≤ 100 MeV/A. The relativistic effects on breakup are dis-
cussed in Ref. [39–41]. The appreciable modification in
the reaction dynamics of a breakup of weakly-bound pro-
jectile is governed by the strong continuum-continuum
and continuum-bound-state couplings. Higher-order cou-
plings, which also VPT does not include, can play an im-
portant role in dissociation of halo nuclei owing to their
small binding energies [42, 43].
In the breakup of the weakly-bound or halo nuclei,
the role of nuclear interactions, CNI effects, and multi-
step effects is yet to be fully understood at intermediate
and higher incident energies. In order to address the
role of these factors at these energies, we aim to carry
out the systematic investigation on the breakup of vari-
ous two-body projectiles using the continuum-discretized
coupled-channels method (CDCC) [20]. The choice of
CDCC is based on the fact that it is a quantum mechan-
ical reaction model, which treats breakup processes of
all-orders by Coulomb and nuclear components as well
as their interference terms on equal footing. For effi-
ciency, the eikonal version of CDCC (E-CDCC) [42, 43],
is employed in the numerical calculations.
In this work, we study the breakup of four different
two-body weakly-bound projectiles, 11Be (s-wave) and
31Ne (p-wave) having a C-n structure, and 8B (p-wave)
and 17F (d-wave) having a C-p structure, on a heavy
208Pb target. We choose three different incident energies
520 MeV/A (GSI energy), 250 MeV/A (RIKEN energy),
and a lower energy 100 MeV/nucleon.
This paper is organized as follows. In Section II, we
briefly described the formulation of the E-CDCC. In Sec-
tion III A, we tabulated various model parameters used
in the present study. In Sections III B and III C, we dis-
cussed our main results for the breakup of C-n structure
projectiles and C-p structure projectiles, respectively. Fi-
nally, we gave the conclusions in Section IV.
II. MODEL FORMULATION
In CDCC, the projectile (P) is considered to be com-
posed of two particles, the core (C) and a valence nucleon
(N = n or p). The scattering of P on target (T), is de-
scribed by a three-body (T+C+N) model, schematically
shown in Fig. 1. The coordinates of P, C, and N relative
to T are represented by R, RC, and RN , respectively,
and r represents the coordinate from C to N. The spin
of C, N, and T are neglected in the present study. The
FIG. 1. Schematic illustration of the three-body (T + C + N)
system.
three-body Schro¨dinger equation is given by[
− ~
2
2µ
∇2R + UC(RC) + UN (RN ) + hˆ− E
]
Ψ(r,R) = 0,
(1)
where µ is the reduced mass of the P-T system, hˆ is the
internal Hamiltonian of P, E is the total energy of the
system, and Uk(k = C,N) is the interaction between T
and each constituent of P containing both nuclear and
Coulomb components. Note that, for N = n, P-T inter-
action contains only the nuclear part.
In CDCC, the wave function of the reaction system is
expanded in terms of the eigenstates, including bound
and continuum states, of hˆ. To discretize the continuum,
the average method in which the continuum states within
each bin are averaged into a single state, is adopted and
given by
φi(r) =
1√
∆k
∫ ki+1
ki
φk(r)dk, (2)
where k is the C-N relative wave number, and it is divided
into a bin of size ∆k = ki+1 − ki.
In E-CDCC [42, 43], the total wave function Ψ(r,R)
is described by
Ψ(r,R) =
∑
i
1√
~vi
ei(Kiz+ηi ln(KiR−Kiz))ψi(b, z)φi(r),
(3)
where φi(r) is the wave function of P in the ground state
(i = 0) and discretized continuum states (i 6= 0) satisfy-
ing hˆφi(r) = εiφi(r), Ki (vi) is the relative wave number
(velocity) between P and T, ηi is the Sommerfeld param-
eter, b is the impact parameter, and φR is the azimuthal
angle of R. The z-axis is taken to be the incident di-
rection. For simplicity, in Eq. (3), the φR dependence of
the wave function is dropped. It should be noted that
the monopole Coulomb interaction between P and A is
taken into account, by using the Coulomb incident wave
function in Eq. (3).
The set of coupled-channel equations derived from
Eqs. (1) and (3) are solved and the breakup cross sec-
3tions are computed from the scattering matrix (S-matrix)
obtained.
III. RESULTS AND DISCUSSION
A. Model setting
The central Woods-Saxon (WS) potential is employed
for the C-n and C-p pairs. Table I shows the radius
parameter r0, the diffuseness parameter a0, the relative
angular momentum ` of the C-n or C-p pair in the ground
state, `0, together with one neutron or proton separation
energy Sn/p and the number of bound states (nb).
TABLE I. Parameters adopted for core (C) and a valence
nucleon (N = n or p) pair.
System r0 (fm) a0 (fm) `0 Sn/p (MeV) nb Ref.
11Be 1.39 0.52 0 0.503 2 [27]
31Ne 1.25 0.75 1 0.330 1 [44]
8B 1.25 0.52 1 0.137 1 [27]
17F 1.17 0.64 2 0.600 2 [45]
For the ground state, the depth of the WS potential
is determined for the reproduction of Sn/p for each case.
Also, it is determined for the reproduction of the binding
energy 0.183 and 0.105 MeV of the bound excited state
in the p- and s-wave, for 11Be and 17F, respectively. To
obtain non-resonant continuum for 17F in the p-, and
f -waves, the WS potential depth is fixed to 52.10 and
48.00 MeV, respectively. For 31Ne, it is fixed to 52.0 MeV
for s-, d- and f -continuum states; for 11Be and 8B, the
WS depth for continuum states is adopted from Ref. [27].
The maximum value `max of ` is set as 3 for all cases, and
the maximum value of r is chosen to be 200 fm. The C-
n/p relative wave number k is discretized for each `, by
the momentum-bin method with an equal increment ∆k.
Table II shows the converged values of k and ∆k for each
case.
TABLE II. Converged values of model parameters, k and ∆k
for each case.
System Energy k ∆k
(MeV/A) (fm−1) (fm−1)
100 0.78 0.040
10Be+n 250 0.77 0.044
520 0.77 0.044
100 1.07 0.061
30Ne+n 250 0.96 0.062
520 0.96 0.062
100 0.78 0.040
7Be+p 250 0.77 0.044
520 0.77 0.044
100 1.26 0.072
16O+p 250 1.26 0.072
520 1.26 0.072
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FIG. 2. Real and imaginary components of the neutron-
Target (n-T) potential at different energies.
The distorting nucleon-nucleus (N-T) and nucleus-
nucleus (C-T) potentials are evaluated by a microscopic
folding model. The Melbourne nucleon-nucleon g ma-
trix [46] and the Hartree-Fock wave functions of C and T
based on the Gogny D1S force [47, 48] are adopted. This
microscopic approach has successfully been applied to
several reaction systems [20, 49, 50]. The maximum im-
pact parameter bmax is set to be 50 fm for nuclear breakup
processes, whereas we put bmax = 700 fm when Coulomb
breakup is included. The real and imaginary potentials
of n-T at three energies is shown in figure 2. We observe
that the real part of n-T interaction is strongly attrac-
tive at 100 MeV/A, attractive but shallow at 250 MeV/A,
and slightly repulsive at 520 MeV/A. On the other hand,
the imaginary part is deepest at 520 MeV/A and shallow
at 100 and 250 MeV/A. The same trend is found for the
C-T potentials.
4B. Breakup of core-neutron projectiles
In this section, we present our results for two different
C-n projectiles, namely; 11Be (s-wave, light-mass sys-
tem) and 31Ne (p-wave, medium-mass system) breakup
on 208Pb target at three different choices of the beam
energy.
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(a) 11Be breakup at 100 MeV/A
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FIG. 3. Breakup cross section of 11Be on 208Pb target at
(a) 100 MeV/A, (b) 250 MeV/A, and (c) 520 MeV/A, plot-
ted as a function of relative energy E between the 10Be core
and the valence neutron after dissociation. The solid, dashed,
dot-dashed, dotted, and dash-dotted lines correspond to full
CDCC, VPT, 1step CDCC, nuclear breakup, and incoherent
sum of the Coulomb and nuclear breakup calculations, respec-
tively. For details refer to text.
The 11Be breakup cross sections as a function
of the 10Be-n relative energy E are presented in
Fig. 3; (a), (b), and (c) correspond to 100 MeV/A,
250 MeV/A, and 520 MeV/A, respectively. The various
results shown in each panel of Fig. 3 consist of the follow-
ing settings: (i) The full CDCC (solid line) calculation,
which refers to the results with both the Coulomb and
nuclear breakup including the CNI, and the contribution
from multistep processes. (ii) A calculation mimicking
that of VPT (dashed line), which correspond to the first-
order Coulomb breakup restricted to the E1 contribution
and with no nuclear breakup contribution. (iii) One-step
CDCC (dot-dashed line) meaning the first-order pertur-
bative calculations, which ignores the contribution from
multistep processes. (iv) Nuclear breakup (dotted line)
calculation, which refers to the contribution obtained by
switching off the Coulomb breakup amplitudes. (v) The
incoherent sum of the full Coulomb breakup (Coul), in
which the multistep Coulomb breakup with all multipoles
is included without the nuclear breakup, and full nuclear
breakup (Nucl) (Coul+Nucl, dash-dotted), is plotted to
study the CNI effects.
Now, let us turn our focus to 11Be breakup on 208Pb at
520 MeV/A in Fig. 3 (c). It can be clearly seen that the
VPT agrees with the full CDCC calculation around the
peak, however, a difference originating from the missing
nuclear breakup contribution and multistep processes in
VPT appears in the tail region of the cross section.
The good agreement in the peak region seems to con-
firm the success of the VPT calculation. However, 1step
CDCC gives a significantly larger cross section than full
CDCC in the same region as shown in Fig. 3 (c), which
indicates the failure of the VPT.
To understand the situation more clearly, we first con-
firmed that the multistep effect on Coulomb breakup is
negligible, whereas that on nuclear breakup is very signif-
icant (not shown here, can be found in supplement ma-
terial). This indicates that the large difference between
1step CDCC and full CDCC is as a result of the multi-
step nuclear breakup processes. For the CNI effect, we
observe that the difference between the solid and dash-
dotted lines is small but not negligible around the peak.
It will be interesting if the CNI effect accidentally makes
the VPT result agrees with that of full CDCC.
Thus, the nuclear breakup component, the CNI effect,
and the multistep breakup processes for the nuclear part
are all found to be non-negligible. We then conclude that
the assumptions adopted in the VPT are not valid, even
though the cross section obtained with the VPT agrees
with that of full CDCC in the peak region.
The same features can be seen at lower incident en-
ergies in Fig. 3 (a) and (b). At 100 MeV/A, the
role of higher multipoles is not negligible, which makes
Coul+Nucl close to CDCC result. It is found that the
bound excited state in 11Be reduces the p-wave breakup
cross section because the inelastic cross section to the
state is quite large. However, the aforementioned fea-
tures of the results are not affected by the existence of
the bound excited state.
One can see that the difference due to multistep pro-
cesses depends quantitatively on the incident energies; it
is about 45%, 11%, and 33% at 100, 250, and 520 MeV/A,
5respectively. This is due to the energy dependence of
the C-T and n-T nuclear potentials. At 100 MeV/A, the
real (imaginary) potential, V (W ), is very deep (shallow)
as shown in Fig. 2, which gives a large contribution to
the breakup cross section. At 250 MeV/A, W becomes
slightly deeper, whereas V becomes very shallow. This
shrinks the size of the nuclear breakup cross section. On
the other hand, at 520 MeV/A, W becomes significantly
deep and V remains small. It is known that the role of
W is not only for absorption, but it is also a source of
breakup. In the transition potential, V and W play the
same role. Thus, the deep W gives a large amount of the
breakup cross section, even though it gives stronger ab-
sorption. The energy dependence of the multistep effect
on the nuclear breakup cross section can be understood
in this way.
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FIG. 4. Breakup cross section of 11Be on 208Pb target at
520 MeV/A. The full CDCC (solid and dashed lines), VPT
(dot-dashed and dotted lines), and 1step CDCC (dash-dotted
line) results for different choices of the cutoff of the scattering
angle, θcut, are plotted.
Now, we turn our attention to the dependence of the
breakup cross section on the scattering angle θ of the
core-nucleon center of mass system. Usually, experimen-
talists choose some cut on the scattering angle θ, assum-
ing that below that cutoff angle θcut, the nuclear breakup
contribution can be ignored. In Fig. 4, we present the
comparison of full CDCC, VPT and 1step CDCC re-
sults for different choices of θcut at 520 MeV/A. It can be
clearly seen that with θcut = 0.3°, which corresponds to
a rather strong restriction of θ, the results of full CDCC
and VPT are still differ in the tail region. At θcut = 0.1
°,
the difference becomes negligible and the result of 1step
CDCC also agree well with the two. Our findings show
that the choice of θcut should be investigated carefully,
depending on the system and beam energy.
In Fig. 5 (a) and (b), we show the results for
the partial-wave contributions, corresponding to full
CDCC and nuclear breakup calculations, respectively, at
520 MeV/A for the breakup of 11Be. In the breakup
reactions caused by a heavy target, the E1 transitions
are expected to show a dominant contribution. As the
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(b) 11Be Nuclear breakup at 520 MeV/A
FIG. 5. (a) The full CDCC and (b) nuclear breakup cross
section of 11Be on 208Pb target at 520 MeV/A. The breakup
cross section to the s-, p-, d-, and f -states of the projectile
11Be are shown by dashed, dot-dashed, dotted, and dash-
dotted lines, respectively, and the solid line represents the
total breakup cross section.
ground state of 11Be is s-wave, the full CDCC calculation
in Fig. 5 (a), as expected, shows the large dominance of
the p-wave breakup, and it also guides the shape of the
total breakup cross section. However, one can observe
the non-negligible contributions of other partial waves
to the total breakup cross section. On the other hand,
the partial-wave contribution for the nuclear breakup in
Fig. 5 (b), shows a mixture of dominant d- and p-wave
components with the relatively small s- and f -wave com-
ponents. This mixing of different partial-wave compo-
nents in the nuclear breakup is due to the contribution
of higher multipoles in the nuclear breakup.
Next, we consider another C-n case, 31Ne, with dif-
ferent ground state configuration i.e., p-wave. Qualita-
tively, for the role of nuclear breakup contribution and
multistep processes, we have observed the same trends
similar to 11Be. One can see the qualitative resemblance
in Fig. 6 with the 11Be case at 520 MeV/A in Fig. 3 (c).
Quantitatively, the magnitude of breakup cross sections
are larger, which is due to the lower binding energy of
31Ne as compared to 11Be. For the breaking up of 31Ne
at 520 MeV/A, the VPT result differs from full CDCC
result by about 15%, showing importance of the miss-
ing nuclear breakup and multistep contribution. On the
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FIG. 6. Breakup cross section of 31Ne on 208Pb target at
520 MeV/A, plotted as a function of relative energy E be-
tween the 30Ne core and the valence neutron after dissocia-
tion. The solid, dashed, dot-dashed, dotted, and dash-dotted
lines correspond to full CDCC, VPT, 1step CDCC, nuclear
breakup, and incoherent sum of the Coulomb and nuclear
breakup calculations, respectively.
other hand, 1step CDCC and full CDCC calculations,
differ by about 35%, showing significant contribution of
the multistep effects due to nuclear breakup. The signif-
icant role of CNI can also be noticed around the peak
in Fig. 6. Thus, we observed that all the higher-order
processes, which are missing in VPT, are non-negligible
also for 31Ne. The results of the breakup cross section
for 31Ne on 208Pb target at 100 and 250 MeV/A can be
found in the supplement material. Also, it is found that
conclusion made on choice of θcut for
11Be remains valid
for 31Ne also. The results for 31Ne are shown in the sup-
plement material.
In Fig. 7 (a) and (b), we show the results for the
partial-wave contributions at 520 MeV/A for the breakup
of 31Ne, corresponding to the full CDCC and nuclear
breakup calculations, respectively. Because the ground
state of 31Ne is p-wave, the full CDCC calculations in
Fig. 7 (a) shows the large dominance of the s- and d-
wave contributions, which is justified on the basis of the
expected E1 dominance. However, one can notice that
the contributions of other p- and f -waves to the total
breakup cross section are also appreciable. The partial-
wave contribution for the nuclear breakup is shown in
Fig. 7 (b), and it shows the mixing of dominant d- and
f -wave components with the relatively small s- and p-
wave components.
In Table III, we list the total and each partial-wave
(s, p, d, and f) integrated breakup cross sections calcu-
lated with different settings. We have added three set-
tings, namely, 1step Coulomb breakup (1step Coul), E1-
Coulomb breakup (E1-Coul), and 1step nuclear breakup
(1step Nucl). 1step Coul is the same as Coul, except
that multistep breakup is disregarded, E1-Coul includes
the multistep breakup in VPT, and 1step Nucl refers to
the Nucl calculation without the multistep breakup. The
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FIG. 7. (a) The full CDCC and (b) nuclear breakup cross
section of 31Ne on 208Pb target at 520 MeV/A. The breakup
cross sections to the s-, p-, d-, and f -states of the projectile
31Ne are shown by dashed, dot-dashed, dotted, and dash-
dotted lines, respectively, and the solid line represents the
total breakup cross section.
positive/negative percentage deviation is shown for var-
ious settings with respect to the full CDCC calculation.
The positive/negative deviation of Coul+Nucl is due to
the constructive/destructive CNI effect. For some set-
tings, the deviations are same, but the corresponding
distributions show small differences. It is noted that,
the difference around peak in the distributions result in
small deviation, whereas, the difference in tail result in
large deviation.
It can be seen in Table III, that CNI is constructive
in the p-wave and weakly destructive in all other partial-
waves for 11Be at each incident energy. On the other
hand, for the 31Ne, it is constructive in the s- and d-
waves and destructive in the p- and f -waves. This fea-
ture can be understood as the transitions contributing
to E1 breakup shows significant constructive CNI effect.
For the total Coul+Nucl, CNI is found to be negligi-
bly destructive, weakly constructive, and constructive for
11Be, whereas it is weakly destructive, negligibly destruc-
tive, and weakly constructive for 31Ne, at 100 MeV/A,
250 MeV/A, and 520 MeV/A, respectively. Thus, the
CNI effect appearing from incoherent sum of Coul and
Nucl is found to be weak but not negligible for C-n pro-
jectiles.
7TABLE III. The integrated breakup cross sections in millibarn (mb) for 11Be and 31Ne breakup on 208Pb target at 100, 250
and 520 MeV/A. The numerical integration is performed up to 6 MeV for both projectiles.
Setting total s p d f total s p d f
11Be + 208Pb at 100 MeV/A 31Ne + 208Pb at 100 MeV/A
full CDCC 983.96 89.54 634.56 198.17 61.69 1552.95 555.59 99.87 795.97 101.52
1step CDCC 1427.08 (+45%) 74.94 1044.52 201.18 106.44 2148.30 (+38%) 719.22 117.90 1176.74 134.43
E1-Coul 720.51 (−27%) 29.94 641.71 46.66 2.20 1325.15 (−15%) 536.58 26.76 745.68 16.00
VPT 725.99 (−26%) 0.003 725.99 0.00 0.00 1350.34 (−13%) 558.91 0.00 791.43 0.00
Coul 719.82 (−27%) 29.85 641.38 46.39 2.21 1324.27 (−15%) 536.29 26.69 745.30 15.99
1step Coul 720.66 (−27%) 0.003 719.57 1.08 0.01 1349.16 (−13%) 558.63 0.02 790.46 0.05
Nucl 255.77 38.05 58.77 114.10 44.85 189.47 21.29 43.16 67.65 57.38
1step Nucl 534.75 74.88 139.78 214.57 105.53 477.73 55.34 119.27 167.44 135.69
Coul+Nucl 975.60 (−1%) 67.90 700.14 160.49 47.06 1513.74 (−3%) 557.57 69.85 812.95 73.37
11Be + 208Pb at 250 MeV/A 31Ne + 208Pb at 250 MeV/A
full CDCC 510.40 25.77 404.99 63.38 16.25 819.80 294.45 27.93 469.97 27.45
1step CDCC 566.61 (+11%) 19.34 468.05 54.30 24.92 900.10 (+10%) 316.98 27.86 523.84 31.42
E1-Coul 431.45 (−15%) 7.90 411.76 11.53 0.26 751.58 (−8%) 288.15 6.52 453.37 3.54
VPT 431.38 (−15%) 0.003 431.38 0.00 0.003 757.53 (−8%) 293.64 0.00 463.89 0.00
Coul 431.46 (−15%) 7.89 411.46 11.81 0.29 751.48 (−8%) 288.15 6.51 453.27 3.55
1step Coul 430.85 (−16%) 0.003 430.31 0.54 0.00 757.28 (−8%) 293.44 0.01 463.80 0.02
Nucl 93.92 14.27 21.81 44.03 13.81 61.24 7.10 14.64 21.70 17.80
1step Nucl 137.17 19.34 35.59 57.33 24.90 110.51 12.64 27.66 38.31 31.91
Coul+Nucl 525.37 (+3%) 22.16 433.27 55.84 14.10 812.71 (−1%) 295.25 21.15 474.97 21.35
11Be + 208Pb at 520 MeV/A 31Ne + 208Pb at 520 MeV/A
full CDCC 413.68 25.11 296.51 69.92 22.13 584.53 185.39 29.93 334.76 34.46
1step CDCC 549.49 (+33%) 34.52 361.52 98.42 55.03 787.75 (+35%) 218.49 66.46 423.51 79.29
E1-Coul 301.06 (−27%) 3.23 293.24 4.52 0.07 492.45 (−16%) 178.15 2.54 310.44 1.31
VPT 302.05 (−27%) 0.002 302.05 0.00 0.00 494.11 (−15%) 179.86 0.00 314.25 0.00
Coul 301.24 (−27%) 3.23 293.15 4.78 0.08 492.79 (−16%) 178.35 2.62 310.57 1.35
1step Coul 301.53 (−27%) 0.002 301.19 0.34 0.002 495.09 (−15%) 180.26 0.01 314.80 0.02
Nucl 135.46 19.49 34.90 60.30 20.77 109.80 14.43 22.52 43.69 29.16
1step Nucl 265.77 34.53 76.55 99.56 55.13 299.15 39.17 67.03 113.66 79.29
Coul+Nucl 436.70 (+6%) 22.72 328.05 65.08 20.85 602.59 (+3%) 192.78 25.13 354.26 30.51
In summary, for C-n projectiles, despite the differ-
ent ground state configurations, all the higher-order pro-
cesses which are missing in VPT are significant.
C. Breakup of core-proton projectiles
In this section, we present our results for the breakup
of two C-p projectiles, i.e., 8B (p-wave, light-mass sys-
tem) and 17F (d-wave, medium-mass system) in the same
manner as in the previous section.
Let us discuss 8B breakup on 208Pb at 100 MeV/A
shown in Fig. 8 (a) and (b) for different settings. In Fig. 8
(a), it can be clearly seen that the VPT agrees well with
the full CDCC calculation at very small excitation ener-
gies (E ≤ 0.5 MeV) and in the tail region (E ≥ 2 MeV),
whereas a small difference can be seen around the peak.
The very good agreement of the VPT with full CDCC
calculation in the tail region suggests that the contribu-
tion from the nuclear breakup and multistep processes
almost cancel out each other.
The accidental good agreement in the tail region seems
to confirm the success of VPT calculation. However, it
is shown in Fig. 8 (a) that 1step CDCC gives a notably
larger cross section than full CDCC in the same region,
which indicates the failure of VPT.
To clarify the picture, the results corresponding to
Coul, 1step Coul, E1-Coul, and VPT calculations are
shown in Fig. 8 (b). The difference between Coul
and 1step Coul, E1-Coul and VPT, confirms that the
Coulomb driven breakup shows a significant multistep
effect. Also, the difference between 1step Coul and
VPT calculation reflects a considerable contribution from
higher multipoles such as E2, which are missing in the
VPT. These features can be attributed to the appear-
ance of the additional Coulomb term in the p-T interac-
tion compared with the n-T interaction. Similar to the
breakup of C-n projectiles, the significant multistep ef-
fect on nuclear breakup is found. Thus, the difference
between 1step CDCC and full CDCC is due to the mul-
tistep Coulomb and nuclear breakup processes.
The difference between the solid and dot-dashed lines
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FIG. 8. Breakup cross section of 8B on 208Pb target, (a) and (b) at 100 MeV/A, (c) and (d) at 250 MeV/A, (e) and (f) at
520 MeV/A, plotted as a function of relative energy E between the 7Be core and the valence proton after dissociation. In panel
(a), (c), and (e), the solid, dashed, dot-dashed, dotted, and dash-dotted lines correspond to full CDCC, VPT, 1step CDCC,
nuclear breakup, and incoherent sum of Coulomb and nuclear breakup calculations, respectively. In panel (b), (d), and (f),
the solid, dashed, dot-dashed, and dotted lines correspond to result of full Coulomb, 1step Coulomb, E1-Coulomb, and VPT
calculations, respectively. For details refer to text.
in Fig. 8 (a), shows that CNI effect is more prominent
in the whole region as compared to the C-n projectiles.
Thus, in the breakup of 8B, along with various non-
negligible higher-order processes found in the breakup
of C-n projectiles, the contribution from the higher mul-
tipoles and multistep effect on the Coulomb breakup, are
found to play an important role.
The same features can be seen at higher incident en-
ergies in Fig. 8 (c), (d), (e), and (f). At 520 MeV/A,
we observe the disappearance of accidental agreement of
VPT with full CDCC calculation in the tail region. From
these findings, we remark that the assumptions adopted
in the VPT are also not valid for a projectile with a C-p
structure.
From the C-n projectiles to the C-p projectiles, the ma-
jor change is the appearance of the Coulomb term in the
C-p and p-T interaction. The role of the Coulomb term
in the C-p interaction is to constrain the p closer to the
C and as a consequence of this, their ground state wave
functions have shorter tails with respect to C-n cases
(shown in Fig. 9). We also confirm this from the ex-
pectation value of the relative distance between the core
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FIG. 9. Ground state wave function of the 11Be, 31Ne, 8B,
and 17F as a function of radial distance (r).
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FIG. 10. Breakup cross section of 8B on 208Pb target at
520 MeV/A. The full CDCC (solid and dashed lines), VPT
(dot-dashed and dotted lines), and 1step CDCC (dash-dotted
line) results for different choices of the cutoff of the scattering
angle, θcut, are plotted.
and valence nucleon, which are found to be 6.97, 7.44,
4.21, and 3.59 fm for 11Be, 31Ne, 8B, and 17F, respec-
tively. Thus, C-p breakup cross sections are smaller in
magnitude compared to the C-n breakup cross sections.
However, for C-p projectiles, Coulomb part of p-T inter-
action was found to play a role in the multistep effect.
The differences due to the multistep processes for 8B are
about 10%, 2%, and 8% at 100, 250, and 520 MeV/A,
respectively. Unlike the C-n cases, this is found to come
from the combined effect of the energy dependence of the
C-T and p-T nuclear potentials with the p-T Coulomb
potential.
Now we discuss the dependence of the breakup cross
section on the scattering angle θ of the C-p center of
mass system. The comparison of full CDCC, VPT, and
1step CDCC results for different choices of the θcut at
520 MeV/A is shown in Fig. 10. It can be clearly seen
that with θcut = 1.0°, the results of full CDCC and VPT
are still different in the tail region. At θcut = 0.5°, the dif-
ference becomes negligible and the result of 1step CDCC
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FIG. 11. (a) The full CDCC and (b) nuclear breakup cross
section of 8B on 208Pb target at 520 MeV/A. The breakup
cross section to the s-, p-, d-, and f -states of the projec-
tile 11Be are shown by dashed, dot-dashed, dotted and dash-
dotted line respectively and the solid line represents the total
breakup cross section.
also agrees well with the other two. This confirms the
conclusion made in the previous section, that the choice
of θcut depends on both the system under investigation
and beam energy.
In Fig. 11 (a) and (b), we show the results for
the partial-wave contributions, corresponding to the full
CDCC and nuclear breakup calculations at 520 MeV/A
for breakup of 8B. Like 31Ne, the ground state of 8B
is also p-wave. Therefore, it shows same partial-wave
contribution features for the full CDCC calculation.
However, the partial-wave contribution for the nuclear
breakup shown in Fig. 11 (b), shows different features
than 31Ne. It shows mixing of dominant p-wave breakup
with the relatively small contributions from the s-, d-,
and f -wave breakup.
We now turn our attention to the other C-p projectile,
17F with different ground state configuration i.e., d-wave.
Qualitatively, for the role of the nuclear breakup con-
tribution, CNI effect, and multistep processes, we have
observed the same features as for 8B. Quantitatively,
the magnitudes of breakup cross sections are smaller,
which is due to the higher binding energy of the 17F
as compared to the 8B. We observe that for the 17F
breakup at 520 MeV/A, shown in Fig. 12 (a) and (b),
the VPT result differs from full CDCC result by ∼ 4%,
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FIG. 12. Breakup cross section of 17F on 208Pb target, (a) and (b) at 100 MeV/A, plotted as a function of relative energy
E between the 16O core and the valence proton after dissociation. In panel (a), the solid, dashed, dot-dashed, dotted, and
dash-dotted lines correspond to full CDCC, VPT, 1step CDCC, nuclear breakup, and incoherent sum of Coulomb and nuclear
breakup calculations, respectively. In panel (b), the solid, dashed, dot-dashed, and dotted lines correspond to full Coulomb,
1step Coulomb, E1-Coulomb, and VPT calculations, respectively. For details refer to text.
showing importance of missing nuclear breakup contri-
bution. The 1step CDCC and full CDCC calculations,
differ by about 12%, indicating importance of multistep
effects. The significant role of CNI effect can also be
noticed in the whole region, as shown in Fig. 12 (a).
From Fig. 12 (b), the notable difference between Coul
and 1step Coul, and 1step Coul and VPT, reflects the
importance of multistep processes and higher-order mul-
tipoles in the Coulomb breakup, respectively. Thus, it is
found that all higher-order processes, which are missing
in VPT, are non-negligible also for 17F. The results of the
breakup cross section for 17F on 208Pb target at 100 and
250 MeV/A can be found in the supplementary material.
In Fig. 13 (a) and (b), we show the results for
the partial-wave contributions, corresponding to the full
CDCC and nuclear breakup calculations, respectively, at
520 MeV/A for the breakup of 17F. The ground state of
17F is d-wave, the full CDCC calculation in Fig. 13 (a),
as expected, shows the large dominance of p- and f -wave
breakup contributions. The partial-wave contribution for
the nuclear breakup in Fig. 13 (b), shows a mixture of
dominant d- and f -wave components with the relatively
small p- and s-wave components.
In Table IV, we give the total and partial waves (s,
p, d, and f) integrated breakup cross sections calculated
with different settings. It can be clearly seen from the
Table IV, for Coul+Nucl, CNI is constructive in all the
partial waves individually as well as in total, for both 8B
and 17F, at each incident energy.
In summary, with respect to C-n cases, in the breakup
of C-p projectiles, the source of the multistep effects is
the combined effect of the Coulomb and nuclear inter-
action. Also, in the Coulomb driven breakup for C-p
projectiles, the higher multipoles such as E2 plays a sig-
nificant role. CNI effects are found to be more prominent
in the breakup of C-p projectiles.
IV. SUMMARY AND CONCLUSIONS
We reported the systematic investigation on the role of
various higher-order processes, which are ignored in the
VPT, such as the contribution of nuclear breakup, higher
multipoles in the Coulomb breakup, CNI effect, and mul-
tistep processes due to strong continuum-continuum cou-
plings. We conducted this study at the intermediate (100
and 250 MeV/A) and higher (520 MeV/A) incident en-
ergies, in the breakup of different two-body projectiles,
having core-neutron (11Be, 31Ne) and core-proton (8B
and 17F) structure on a heavy target (208Pb), using the
E-CDCC method.
Our results showed that, for all the projectiles, the
nuclear breakup contribution is important and it plays
a significant role in the multistep processes. Quantita-
tively, the multistep effects due to the nuclear breakup
depend on the incident energy via the energy dependence
of the C-T and N-T nuclear potentials.
The multistep effect on Coulomb breakup is found to
be negligible for C-n projectiles. For C-p projectiles,
multistep processes appears from the combined effect of
the Coulomb and nuclear breakup parts, and also for
Coulomb breakup, higher multipoles, greater than E1,
found to play significant role.
CNI effect, appearing from incoherent sum of Coulomb
and nuclear breakup contribution, is found to be non-
negligible and is more prominent for C-p projectiles than
the C-n projectiles.
Our detailed investigation shows that the nuclear
breakup component, higher multipoles in the Coulomb
breakup, the CNI effect, and the multistep breakup pro-
cesses are all found to be non-negligible. From these find-
ings, we conclude that the assumptions adopted in the
VPT are not valid for accurate description of breakup
cross sections.
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FIG. 13. (a) The full CDCC and (b) nuclear breakup cross
section of 17F on 208Pb target at 520 MeV/A. The breakup
cross section to the s-, p-, d- and f -states of the projectile
11Be are shown by dashed, dot-dashed, dotted and dash-
dotted lines respectively, and the solid line represents the total
breakup cross section.
Additionally, the choice of some cut on the scattering
angle θ, assuming that the nuclear breakup contribution
can be ignored below that cutoff angle θcut is also investi-
gated. Our results showed that the choice of θcut depends
on the system under investigation and beam energy.
We strongly expect that our study will provide sup-
port to the various ongoing experimental studies on the
breakup of light and medium-mass nuclei, at various ex-
perimental facilities. As a future perspective, it is very
interesting to extend our study to the breakup of three-
body projectiles such as 6He, 11Li, 9C, 22C, which we
intend to report elsewhere in near future.
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TABLE IV. The integrated breakup cross sections in millibarn (mb) for 8B and 17F breakup on 208Pb target at 100, 250 and
520 MeV/A. The numerical integration is performed up to 8 MeV and 25 MeV for 8B and 17F respectively.
Setting total s p d f total s p d f
8B + 208Pb at 100 MeV/A 17F + 208Pb at 100 MeV/A
full CDCC 351.88 131.57 61.88 122.88 35.56 44.85 0.90 21.55 8.09 14.31
1step CDCC 388.19 (+10%) 136.62 68.35 144.27 38.95 61.45 (+37%) 1.07 26.79 11.97 21.63
E1-Coul 302.18 (−14%) 146.44 11.72 138.19 5.83 42.87 (−5%) 0.61 24.42 1.54 16.30
VPT 345.53 (−2%) 160.96 6.79 177.77 0.00 57.30 (+27%) 0.00 31.62 0.12 25.56
Coul 358.41 (+2%) 140.02 37.89 134.63 45.87 43.38 (−3%) 0.64 23.88 3.23 15.63
1step Coul 434.54 (+23%) 161.26 36.70 181.59 54.98 62.27 (+41%) 0.71 32.12 3.58 25.86
Nucl 70.88 7.18 27.20 17.96 18.53 16.57 0.63 3.55 6.96 5.43
1step Nucl 100.76 12.96 28.83 33.29 25.69 28.28 1.41 6.35 11.94 8.58
Coul+Nucl 429.29 (+22%) 147.20 65.09 152.59 64.40 59.95 (+34%) 1.41 27.43 10.19 21.06
8B + 208Pb at 250 MeV/A 17F + 208Pb at 250 MeV/A
full CDCC 232.98 86.88 27.88 97.78 20.43 45.72 0.37 20.03 4.09 21.23
1step CDCC 238.65 (+2%) 87.24 23.45 105.71 22.25 52.23 (+14%) 0.46 22.08 4.01 25.68
E1-Coul 207.45 (−11%) 93.77 5.08 107.11 1.49 45.44 (−1%) 0.16 21.71 0.63 22.94
VPT 216.83 (−7%) 95.57 4.16 117.11 0.00 53.46 (+17%) 0.00 24.31 0.08 29.07
Coul 242.55 (+4%) 91.44 19.57 105.64 25.91 46.49 (+2%) 0.35 21.68 2.07 22.39
1step Coul 259.24 (+11%) 94.94 18.41 118.49 27.40 56.18 (+23%) 0.38 24.58 2.07 29.15
Nucl 24.08 2.18 9.73 5.64 6.54 5.30 0.18 1.03 2.55 1.54
1step Nucl 33.08 3.43 11.94 8.95 8.76 6.78 0.30 1.45 3.03 2.00
Coul+Nucl 266.63 (+14%) 93.62 29.30 111.27 32.45 51.79 (+13%) 0.53 22.71 4.62 23.93
8B + 208Pb at 520 MeV/A 17F + 208Pb at 520 MeV/A
full CDCC 190.92 64.86 25.41 82.39 18.26 51.34 0.48 18.56 6.10 26.20
1step CDCC 205.33 (+8%) 66.23 24.51 90.52 24.06 57.20 (+12%) 0.92 20.63 6.89 28.76
E1-Coul 152.96 (−20%) 66.66 3.12 82.61 0.57 44.46 (−14%) 0.06 18.51 0.34 25.55
VPT 155.40 (−19%) 66.66 2.84 85.91 0.00 49.51 (−4%) 0.00 19.72 0.08 29.71
Coul 179.10 (−6%) 66.05 12.71 83.08 17.26 45.51 (−11%) 0.25 18.59 1.50 25.17
1step Coul 184.21 (−4%) 66.72 12.07 87.83 17.58 51.42 (+0.2%) 0.26 19.92 1.47 29.77
Nucl 34.16 3.73 12.72 9.26 8.44 11.16 0.31 2.33 4.64 3.88
1step Nucl 55.30 6.94 17.29 17.55 13.51 16.34 0.75 3.92 6.07 5.60
Coul+Nucl 213.26 (+12%) 69.78 25.43 92.34 25.70 56.67 (+10%) 0.56 20.92 6.15 29.04
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FIG. S1. Breakup cross section of 11Be on 208Pb target at (a) 100 MeV/A and (b) 250 MeV/A. The full CDCC (solid and
dashed lines), VPT (dot-dashed and dotted lines), and 1step CDCC (dash-dotted line) results for different choices of the cutoff
of the scattering angle, θcut, are plotted.
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(a) 11Be Full CDCC breakup at 100 MeV/A
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FIG. S2. The full CDCC breakup cross section of 11Be on 208Pb target at (a) 100 MeV/A and (b) 250 MeV/A. The breakup
cross section to the s-, p-, d-, and f -states of the projectile 11Be are shown by dashed, dot-dashed, dotted, and dash-dotted
lines, respectively, and the solid line represents the total breakup cross-section.
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(a) 11Be Nuclear breakup at 100 MeV/A
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FIG. S3. The nuclear breakup cross section of 11Be on 208Pb target at (a) 100 MeV/A and (b) 250 MeV/A. The breakup cross
section to the s-, p-, d-, and f -states of the projectile 11Be are shown by dashed, dot-dashed, dotted, and dash-dotted lines,
respectively, and the solid line represents the total breakup cross-section.
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(a) 11Be breakup at 100 MeV/A
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(b) 11Be breakup at 250 MeV/A
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(c) 11Be breakup at 520 MeV/A
FIG. S4. Breakup cross section of 11Be on 208Pb target at (a) 100 MeV/A, (b) 250 MeV/A, and (c) 520 MeV/A, plotted as
a function of relative energy E between the 10Be core and the valence neutron after dissociation. In panel (a), (b), and (c),
the solid, dashed, dot-dashed, and dotted lines correspond to result of full Coulomb, 1step Coulomb, E1-Coulomb, and VPT
calculations, respectively.
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FIG. S5. The nuclear and 1step nuclear breakup cross section of 11Be on 208Pb target at 100 MeV/A, 250 MeV/A, and
520 MeV/A, plotted as a function of relative energy E between the 10Be core and the valence neutron after dissociation.
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FIG. S6. Breakup cross section of 31Ne on 208Pb target at (a) 100 MeV/A and (b) 250 MeV/A, plotted as a function of relative
energy E between the 30Ne core and the valence neutron after dissociation. The solid, dashed, dot-dashed, dotted, and dash-
dotted lines correspond to full CDCC, VPT, 1step CDCC, nuclear breakup, and incoherent sum of the Coulomb and nuclear
breakup calculations, respectively.
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(a) 31Ne breakup at 100 MeV/A
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FIG. S7. Same as Fig. S1 for 31Ne on 208Pb target at (a) 100 MeV/A, (b) 250 MeV/A, and (c) 520 MeV/A.
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FIG. S8. Same as Fig. S2 for 31Ne on 208Pb target at (a) 100 MeV/A and (b) 250 MeV/A.
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FIG. S9. Same as Fig. S3 for 31Ne on 208Pb target at (a) 100 MeV/A and (b) 250 MeV/A.
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(b) 31Ne breakup at 250 MeV/A
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FIG. S10. Same as Fig. S4 for 31Ne on 208Pb target at (a) 100 MeV/A, (b) 250 MeV/A, and (c) 520 MeV/A.
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FIG. S11. Same as Fig. S5 for 31Ne on 208Pb target at 100 MeV/A, 250 MeV/A, and 520 MeV/A.
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(a) 8B breakup at 100 MeV/A
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FIG. S12. Same as Fig. S1 for 8B on 208Pb target at (a) 100 MeV/A and (b) 250 MeV/A.
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FIG. S13. Same as Fig. S2 for 8B on 208Pb target at (a) 100 MeV/A and (b) 250 MeV/A.
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(a) 8B Nuclear breakup at 100 MeV/A
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FIG. S14. Same as Fig. S3 for 8B on 208Pb target at (a) 100 MeV/A and (b) 250 MeV/A.
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FIG. S15. Same as Fig. S5 for 8B on 208Pb target at 100 MeV/A, 250 MeV/A, and 520 MeV/A.
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FIG. S16. Same as Fig. S6 for 17F on 208Pb target at (a) 100 MeV/A and (b) 250 MeV/A.
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FIG. S17. Same as Fig. S1 for 17F on 208Pb target at (a) 100 MeV/A, (b) 250 MeV/A, and (c) 520 MeV/A.
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FIG. S18. Same as Fig. S2 for 17F on 208Pb target at (a) 100 MeV/A and (b) 250 MeV/A.
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FIG. S19. Same as Fig. S3 for 17F on 208Pb target at (a) 100 MeV/A and (b) 250 MeV/A.
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FIG. S20. Same as Fig. S4 for 17F on 208Pb target at (a) 100 MeV/A and (b) 250 MeV/A.
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FIG. S21. Same as Fig. S5 for 17F on 208Pb target at 100 MeV/A, 250 MeV/A, and 520 MeV/A.
